Purpose: To describe the morphologic features of Fuchs corneal dystrophy and compare them with those of bullous keratopathy.
I
t was almost a century ago when Fuchs 1 first described the disorder ''dystrophia epithelialis corneae'' in 1910, which is now known as Fuchs endothelial dystrophy. Much work has been done on the histologic and ultrastructural changes, pathophysiology, inheritance, and treatment. Although it is usually described as a dystrophy, it may be argued that it behaves more like degeneration than a dystrophy.
Fuchs dystrophy is more common in females and is usually manifest after 40 years. Patients are usually asymptomatic in the early stage as the remaining endothelial cells can undergo polymegethism and compensate for endothelial cell loss. In the second stage, the cornea decompensates when the fluid entering the cornea increases, causing visual impairment due to corneal edema. In the third stage, patients may have pain due to formation of epithelial bullae and the vision deteriorates further. In the final stage, subepithelial scarring occurs, and there may be profound visual loss but pain may be absent. [2] [3] [4] [5] Information regarding the ultrastructural changes of the stroma and keratocytes in Fuchs corneal dystrophy is limited. 2, [6] [7] [8] [9] [10] We examined 32 cases of Fuchs corneal dystrophy by light and electron microscopy and compared these with a group of 22 corneas with bullous keratopathy.
METHODS
Thirty-two corneal buttons submitted to the Eye Pathology Laboratory of the Wilmer Eye Institute with a clinical diagnosis of Fuchs dystrophy were examined by light and electron microscopy. The corneal buttons were fixed in a buffered solution of 1% glutaraldehyde and 4% formaldehyde and bisected; half of each was processed for light or electron microscopy. In cases in which only half of the corneal button was submitted, a 1-mm sliver was transected and processed for electron microscopy. Staining for light microscopy included hematoxylin and eosin, periodic acidSchiff, Perls' iron stain, Alcian blue, colloidal iron, oil red O, and Sudan black B. Thin sections for electron microscopy were doubly stained with tannic acid and lead citrate. Ultrastructural features of the stroma, keratocytes, Descemet membrane, and endothelium were noted. At least 3 keratocytes were sampled, each in the anterior, mid-, and posterior central stroma. The thickness and number and character of layers of Descemet membrane were determined. The number of posterior nodules and endothelial cells were quantitated (average in 5 central high-power fields) by light microscopy. The comparison group of 22 cases of bullous keratopathy (20 cases of pseudophakic bullous keratopathy, 1 case of aphakic bullous keratopathy, and 1 case of bullous keratopathy occurring remote after angle closure glaucoma) was collected from the same time period as the Fuchs corneas and processed in the same manner. Statistical analysis was conducted using the Pearson x 2 test, Fisher exact test, Student t test, and MannWhitney U test where appropriate.
RESULTS

Fuchs Dystrophy
The mean age of the 32 patients was 70.1 (range, 53-92). Eleven were male and 21 were female.
Light Microscopy
The histologic features of the 32 cases of Fuchs dystrophy were similar and included variable degrees of intracellular epithelial edema and bullous separation, stromal thickening, Descemet membrane thickening with posterior nodules, and endothelial loss. Intracellular epithelial edema was quantitated as mild in 21, moderate in 5, marked in 1, and not present in 1; no epithelium was present in 4. Bullous separation was mild in 9, moderate in 6, marked in 0 and no bullae were present in 13.
Bowman membrane was intact except in 2 cases in which localized superficial scars were present. The mean stromal thickness was 405 mm (range, 90-570). The mean Descemet membrane thickness was 17.6 mm (range, 7.5-30). Posterior nodules of Descemet membrane were present in all cases, and the average number of posterior nodules per highpower field (403) was 4.0 (range, 0.8-6.4). Most of the posterior nodules were observed under light microscopy. A posterior fibrous layer partially obscured some of the posterior nodules in 6 cases. Four additional cases had buried nodules that were evident by electron microscopy, making a total of 10 cases with buried nodules.
The average number of endothelial cells per high-power field was 3.5 (range, 0-5.6). Rare large, round, melanin pigment granules were present in the endothelium in 5 cases. No inflammatory cell infiltrate or blood vessels were observed in any of the cases.
Electron Microscopy
We observed lipid keratopathy and degenerated keratocytes in the stroma. Degenerated keratocytes exhibited loss of intracellular organelles, dissolution of cytoplasm, presence of intracellular spaces and vacuoles, and minor peripheral nuclear chromatin clumping (Fig. 1 ). These were present in all Fuchs dystrophy cases. Some keratocytes had intracellular (Figs. 2A and 3A, B) and extracellular (Figs. 2B and 3C) granular material.
Lipid keratopathy was present in 72% of Fuchs dystrophy (Fig. 4) and was characterized by minute spaces in the stroma, some of which contain electron-dense material. The spaces measured up to 1.2 mm in diameter.
There was a discrepancy in the thickness of Descemet membrane as measured by light and electron microscopy in all the cases, which is likely due to greater tissue shrinkage during processing for light microscopy. Descemet membrane was composed of up to 4 layers (Figs. 5 and 6). The layers were described on a morphologic basis only, and the distinction of layers was not clearly evident in all cases. The first layer, the anterior fetal banded layer, was present and relatively uniform in all cases, was characterized by the presence of wide-spaced collagen with a periodicity of 110-120 nm, and ranged from 1.9-4.2 mm in thickness (mean, 3.2). The second layer was nonbanded, homogeneous, and less osmophilic than the anterior fetal layer and was present in 20 of 32 cases and absent in 12. The thickness of this second nonbanded layer ranged from 2-4.0 mm in thickness except in one case, in which the thickness was 9.5 mm (mean, 3.2, where present). The third layer was banded, present in all the cases, and ranged in thickness from 5.8-32.1 mm (mean, 15.9). This layer had an osmophilia similar to that of the anterior fetal layer and had wide-spaced collagen with a periodicity of 110 to 120 nm, which was especially concentrated in the posterior aspect. In 8 cases, an additional type of wide-spaced collagen with a periodicity of about 60 nm was present. The characteristic posterior nodules in Fuchs dystrophy were contiguous with this posterior banded layer in all the cases. The mean maximal width of posterior nodules was 15.1 mm (range, 4.3-33.3), and the mean maximal height was 4.6 mm (range, 0.5-9.5). The fourth layer was fibrillar and present in 19 of 32 (59%) cases and absent in 13 of 32 (41%) cases and ranged in thickness from 0.5 to 19.8 mm (mean, 7.8, where present). This layer was composed of a loose matrix of collagen with a fibril diameter of 20-40 nm. In 10 cases, some of the posterior nodules were buried within this layer (Figs. 7 and 8). In 7 cases, multiple waves of basal lamina were present in the fibrillar layer, and all these cases had foci of wide-spaced collagen with a periodicity of around 60 nm in the posterior aspect of the posterior banded layer and anterior aspect of the fibrillar layer (Fig. 9) .
The endothelium was attenuated to atrophic and was especially attenuated over the posterior nodules. Individual endothelial cells sampled were unremarkable or exhibited variable degrees of degeneration (Fig. 10) . The degree of degeneration was classified as none (4), mild (12) , moderate (12) , and severe (4). Endothelial cells had myoblastic features with subplasmalemmal aggregates of microfilaments with fusiform densities in 5 cases (15.6%) (Fig. 11A) . Overlapping of intact endothelial cells with junctional complexes was present in 1 case (Fig. 11B) . Large, round, melanin pigment granules were present in the endothelium in 7 cases (trace in 3, mild in 2, and moderate in 2).
Bullous Keratopathy
The mean age of 22 patients with bullous keratopathy was 73.4 (range, 54-89). Twelve were male and 10 were female. The light microscopic features of bullous keratopathy included variable degrees of intracellular epithelial edema and bullous separation, stromal thickening, and endothelial loss. Intracellular epithelial edema was mild in 14 and moderate in 2; no epithelium was present in 6. Bullous separation was mild in 9 and moderate in 2; no bullae were present in 5. The mean stromal thickness was 423 mm. The mean Descemet membrane thickness was 9.0 mm, much less than that of Fuchs dystrophy cases. No posterior nodules were present. The average number of endothelial cells per high-power field was 2.7.
Electron Microscopy
Granular material in and around keratocytes was observed in 14.1% and lipid keratopathy (Fig. 12) in 55% of the bullous keratopathy cases. Descemet membrane may have up to 4 layers in bullous keratopathy, including the anterior fetal banded layer, posterior nonbanded layer, posterior banded layer, and the forth fibrillar layer (Fig. 13) . The anterior fetal banded layer was similar to that in Fuchs dystrophy with the thickness ranging from 1.9-5.2 mm (mean, 3.1). The second posterior nonbanded layer was present in 18 of 22 (81.8%) and absent in 4 of 22 (18.2%) cases and ranged The endothelial cells disclosed similar degenerative changes as described in Fuchs dystrophy. Endothelial cell degeneration was classified as none in 3 (14%), mild in 5 (23%), moderate in 5 (23%), and marked in 4 (18%) cases. The endothelium was atrophic in 5 (23%) of the cases.
DISCUSSION
Comparison of the light (Table 1) and electron microscopic features (Table 2) of Fuchs dystrophy and bullous keratopathy are summarized in the tables. The bullous keratopathy group is chronic corneal edema associated with aphakia, pseudophakia, and remote after angle-closure glaucoma.
The primary defect of Fuchs dystrophy is believed to be in the endothelium because of endothelial cell loss, thickened Descemet membrane and presence of posterior nodules. Most studies have concentrated on the endothelial cells and various mechanisms of endothelial loss, [3] [4] [5] including hormonal changes, inflammation, fibrinolytic system defects, mechanical or toxic injury to the endothelium, mitochondrial mutation, 11 and genetic mutation. 12 Although an intrinsic endothelial loss seems to be more dominant and receives more attention, extrinsic factors may also be possible.
Disturbance in the regulation of apoptosis may be important in the pathogenesis of Fuchs corneal dystrophy. By using in situ, end-labeling of double-strand DNA break, Li et al 13 identified apoptosis in corneal epithelium, keratocytes, and endothelium but little or no apoptosis in normal corneas. In a study using transmission electron microscopy, nucleus labeling, and TUNEL (terminal deoxynucleotidyl transferase with normal endothelium. Whether keratocytes in Fuchs dystrophy are undergoing apoptosis and play a role in the pathogenesis of Fuchs dystrophy is still unresolved.
Some evidence suggests that keratocytes are metabolically active cells involved in the turnover of the extracellular matrix and corneal transparency. Senoo et al 16 demonstrated that corneal stromal cells secrete factors that stimulate corneal endothelial cell proliferation. Other studies also support the idea that a strong interplay exists between keratocytes and the endothelium. [17] [18] [19] For example, endothelial loss normally does not occur after LASIK. 20, 21 In one reported case of a 55-yearold woman with Fuchs dystrophy who underwent LASIK, however, corneal decompensation developed afterward, suggesting that a disturbance in the corneal stroma may have precipitated compromise of the endothelium. 22 The presence of posterior nodules in the central cornea with Descemet membrane thickening characterizes Fuchs dystrophy. The exact mechanism(s) responsible for posterior nodule formation has not been resolved. Posterior nodules may also be seen in other conditions such as interstitial keratitis, [23] [24] [25] posterior polymorphous dystrophy, 26, 27 and macular corneal dystrophy. 28 Severe keratitis can cause the formation of temporary ''pseudoguttata,'' which disappear with subsidence of the inflammation. 29 Posterior nodules are not observed in pseudophakic or aphakic bullous keratopathy unassociated with Fuchs dystrophy. It is possible that factors in the stroma contribute to the formation of Descemet membrane excrescences. Except for thickening, the stroma in Fuchs dystrophy appears unremarkable by light microscopy. Yet it has been demonstrated that the stroma of Fuchs dystrophy contain collagen with altered biochemical properties. 30 We found the presence of degenerated keratocytes and granular material in and around the keratocytes in our study that were evident only by electron microscopy. Iwamoto and DeVoe 7, 8 described this granular material previously, but not much attention has been paid to its distribution and occurrence. Moreover, they also described the presence of ''activated'' rather than degenerated keratocytes. We observed ''degenerated'' keratocytes throughout the superficial, mid-and deep stroma, and these were not concentrated in one particular area. The distribution and density of keratocytes were unremarkable. The morphologic changes suggest that keratocytes are undergoing apoptosis or degenerative changes. However, the typical apoptotic bodies with eosinophilic cytoplasm and dense nuclear chromatin were not observed under light microscopy. 31 We observed a high proportion of degenerated keratocytes and a higher occurrence of intra-and extrakeratocytic granular material in Fuchs dystrophy as compared with the bullous keratopathy. The greater incidence of granular material and lipid keratopathy in Fuchs may be related to a greater chronicity of edema in Fuchs dystrophy as compared with bullous keratopathy. These features suggest the possibility of a primary pathologic or a secondary response to microenvironment changes in the Fuchs dystrophy stroma. The granular material is somewhat similar to the ultrastructural appearance of mucopolysaccharide deposition in macular dystrophy. 28 However, the deposits in Fuchs dystrophy did not stain with Alcian blue or colloidal iron. The exact nature of these deposits is yet to be determined. Similar granular material has also been observed around the keratocytes in keratoconus with epikeratoplasty, both in the donor and host cornea. 32, 33 Other authors report the presence of fibrillogranular material around keratocytes in keratoconus and interpreted it as a possible indication of metabolic dysfunction of the keratocytes in keratoconus. [34] [35] [36] We observed dropout spaces compatible with lipid within and outside keratocytes in the stroma of Fuchs dystrophy by electron microscopy. These were similar to lipid deposits described in primary lipid keratopathy, [37] [38] [39] LCAT disease, 40, 41 and icthyosis. 42 These microscopic lipid depositions were not evident by light microscopy, even with the use of oil red O or Sudan black B stain (in paraffin-fixed specimens, not in fresh tissue). This may be explained by the minute nature of these deposits and dissolution during processing. Although the systemic lipid profile and the lipid concentration in the eye were not measured, we believe that this lipid keratopathy is a localized corneal problem rather than related to systemic hyperlipidemia since the latter is more commonly associated with corneal arcus. Corneal lipid deposition is more commonly associated with prior vascularization secondary to trauma or inflammation. 38 The corneas in our series were all avascular. It is possible that the lipid keratopathy is primary in nature and related to keratocyte degeneration. Cogan and Kuwabara 43 proposed that fat might Bahn et al 45 postulated that Fuchs corneal dystrophy occurs as a result of abnormal neural crest cell terminal induction. The recently described EDICT syndrome, which also includes endothelial dystrophy and iris atrophy as part of its manifestations, is also a neurocrest defect that has been mapped to chromosome 15. 46 Keratocytes and endothelial cells are of neural crest origin. If keratocyte and stroma involvement in Fuchs dystrophy is primary in nature, Fuchs dystrophy should possibly be classified as a stromal-endothelial dystrophy rather than an endothelial dystrophy.
The pattern of Descemet membrane changes is similar to those described in the previous studies and may consist of up to 4 layers including an anterior banded layer, posterior nonbanded layer, posterior banded layer, and a fibrillar layer. 2, [7] [8] [9] [10] 47 The anterior banded layer is relatively constant and represents the fetal portion of Descemet membrane. It was present and appeared unremarkable in all the cases, and the mean thickness was similar in both groups. The banding of this layer is due to the presence of wide-spaced collagen. The posterior nonbanded layer is usually present in an otherwise normal cornea and thickens with age. 2 This layer is either variably thin or even absent in some cases in Fuchs dystrophy. It has been suggested that this may reflect abnormal endothelial function early in life with production of the abnormal posterior banded layer rather than the normal posterior nonbanded layer. 2, 10, 47 The periodicity of the wide-spaced collagen of in posterior banded layer is about 110 nm, similar to that in the anterior fetal banded layer and is believed to be composed of type VIII collagen. 48 Although wide-spaced collagen is quite characteristic in Fuchs dystrophy, it is not pathognomonic as it is also present in bullous keratopathy, as illustrated in our studies and reported elsewhere. 47, 49 A loose fibrillar layer is present between the posterior banded layer and the endothelium in more than half of the cases. This layer was shown to contain oxytalan fibers. 50 A possible explanation for the formation of this layer is that the decompensated endothelium allows increased fluid leakage into Descemet membrane, thereby causing the formation of a loose fibrillar layer rather than a compact collagenous layer.
10, 49 Waring et al 2 suggested that the formation of the posterior banded layer and the fibrillar layer represents a nonspecific endothelial response to disease or injury. Multiple waves of basal lamina were present in the fibrillar layer in 7 corneas with Fuchs dystrophy. Descemet membrane is produced by endothelium and is composed of only 2 layers in normal human subjects. 51 The morphologic changes in Descemet membrane in Fuchs dystrophy are presumably reflective of endothelial status, and it has been suggested the morphology would remain the same once formed. 2, 10, 47, 49 However, our observation may not support this contention. If Descemet membrane morphology does not change once formed, we would have expected to see a much thicker posterior nonbanded layer in all the cases of bullous keratopathy because the endothelium would presumably be healthy before cataract surgery. Yet we observed a variably thinned, nonbanded layer in 14 cases and none in 4 Fuchs dystrophy cases. Although it can be argued that there could have been preexisting abnormalities in these corneas, 2, 10, 47, 49 it may be more reasonable to suggest that the morphology of Descemet membrane may change in various diseases. Moreover, the posterior banded layer and fibrillar layers are not pathognomonic for Fuchs dystrophy and are also present in the bullous keratopathy group. This is similar to those reported in aphakic bullous keratopathy and other corneal conditions. 47, 49 The endothelium is attenuated in all the cases of Fuchs dystrophy, and the remaining endothelial cells may have degenerative changes. It should be noted that only a small area is examined by electron microscopy, and the endothelial cell count under light microscopy is a more useful means of quantitation of endothelium. The significance of myoblastic features in the endothelial cells in 5 cases is not known.
In summary, we observed ultrastructural changes in Fuchs dystrophy similar to those described in previous studies. We also observed granular deposits in and around variably degenerated keratocytes together with lipid keratopathy in the 
